This paper proposes a modular framework utilized to assess the risk of building envelope failures due to hurricane wind hazards. A component-based approach is taken to develop an integrated building envelope model that is based on previous research of individual component and system capacities. Key modules of the proposed framework include a wind-borne debris generation module and an impacttracking module that will interact with a hurricane simulation module capable of simulating synthetic hurricanes for various return periods and historical hurricanes. One major difference between the proposed framework and other risk assessment models is that the proposed framework is extremely flexible in allowing the user to define the building stock within the area of study, which will provide the user with the ability to investigate an unlimited number of "what if" scenarios. Another distinction of the proposed framework is that it is driven by a three-dimensional probabilistic debris trajectory model developed by the authors, rather than using damage curves developed from observed post-hurricane assessments or insurance claim data. Debris impact risk plots presented in a polar coordinate system are developed using the framework and can be utilized either pre-or post-construction to mitigate the damage to the building envelope of homes within a subdivision during a hurricane event.
INTRODUCTION
Wind-related disasters are typically the costliest natural disasters to occur in the U.S. each year. With the majority of residential structures in the U.S. consisting of light-frame wood construction, coupled with an ever growing U.S. coastal population, it is intuitive that there has been and will continue to be an exponential increase in socioeconomic losses due to hurricanes and other strong wind events. Post-hurricane damage assessments have illustrated that the bulk of losses experienced by residential structures during a hurricane is attributed to damage to the building envelope, typically due to wind-borne debris impact rather than wind loading. Traditionally, this exterior envelope has not been designed by structural engineers (Rosowsky and Schiff, 2003) , and as such, extensive damage to cladding systems has been observed after every major hurricane to make landfall in the U.S. While there have been several studies that seek to quantify future residential losses due to extreme wind events (Dao et al. 2012; Li and Ellingwood 2009; Lin 2010; Lin and Vanmarcke 2008; Pinelli et al. 2004; Twisdale et al. 1996; Vickery et al. 2006a; Vickery et al. 2006b ), few studies within the public domain can explicitly track and apply the consequences of cumulative damage to the building envelope, and instead rely heavily on damage curves developed from observed post-disaster assessments and/or insurance claim data. This approach limits the flexibility of a model to assess "what if" scenarios on a more intricate level, and it is crucial that research continues to evolve in an effort to identify which areas of the building envelope are critical to protect when faced with an approaching hurricane. Therefore, this paper proposes a modular framework that is implemented to assess the risk of building envelope failures due to hurricane wind hazards with the goal of providing a useful tool that can be utilized either pre-or post-construction to aid officials, developers, architects, designers, and homeowners in mitigating the losses experienced during such an event.
FRAMEWORK
The proposed framework of the integrated building envelope model is best broken down into three phases (Figure 1 ). This is a necessary step in the evolution of the framework to ensure that the Monte Carlo simulations are computationally efficient. It is crucial that the subject of efficiency is considered within a framework that incorporates a greater level of detail, especially if a simpler model would achieve reasonable results in a shorter timeframe.
The pre-processing phase begins with the user defining all parameters of the subdivision of interest including the selection of the type of hurricane event (i.e., historical or synthetic) that will be utilized within the Monte Carlo simulations. The processing phase includes the Monte Carlo simulation engine. Input files that were created during the pre-processing phase provide all of the necessary information to the Monte Carlo simulation engine. The post-processing phase encompasses all analysis other than what is required to update the model during the. Due to the amount of information that is available during the simulation, any unnecessary analysis performed during the simulation would cause a significant reduction in computational efficiency.
Within the three phases of the framework (i.e., pre-processing, processing, and post-processing), the model is separated into individual modules tasked with a specific portion of the simulation. The following sections describe each module in detail. The modular nature of the framework allows for easier updating and validation as more realistic test data, such as that obtained from full-scale test facilities (e.g., the Institute for Business and Home Safety), are made available. 
BUILDING MODULE
The Building Module is capable of generating and saving regular plan gable and hip roof structures of one or more stories (Figure 2 ). This module is utilized outside of the simulation (pre-processing phase) to reduce the computational time required to perform the simulations, and is capable of creating house models that consist of roof and wall sheathing, roof covering, and roof planks (i.e., 2x4s and fascia boards). Wall covering (e.g., vinyl siding, brick, etc.) is not accounted for explicitly in the framework, other than to assume that a brick covering does not itself create debris or allow for the release of wall sheathing. Other types of wall covering (e.g., vinyl siding), is assumed too flexible to create any appreciable damage if it were to become airborne, and is considered to be completely removed by the wind before wind speeds become large enough to remove sheathing. Roof sheathing uplift capacity is based on the uplift capacity of a critical fastener as determined by Lee and Rosowsky (2005) for both full and half-size sheathing sheets. Since there are some roof sheathing panels that are not exactly a full or half sheet, especially in the case of hip roof or a gable end, which can have any number of polygonal sections, it is assumed that a weighted long axis dimension serves as the deciding factor in which component resistance to assign to the sheathing during the simulations.
Roof covering within the framework is treated differently than is typical in many building envelope models, for example, the Florida Public Hurricane Loss Projection Model (FPHLPM) does not consider individual roof covering pieces, but rather the roof covering is modeled as aggregate sections since modeling the individual pieces of roof covering would not add to the overall accuracy of that particular model (FPHLPM 2005) . However, the intent of this model is to assess the damage incurred to building envelopes by specifically looking at the contributions of wind-borne debris impact; therefore, this framework does consider individual pieces of roof covering (either tiles or shingles based on user input) utilizing the estimated uplift capacity of roof covering reported by the FPHLPM (2005) . A significant assumption for the modeling of the roof covering within this framework is that only the exposed area of the roof covering is considered available for failure and subsequent debris flight (i.e., the lapped portion of the roof covering is not considered for release). This is a very simple assumption, and further research of roof coverings (both static and dynamic) is required to provide a better estimate.
Roof fascia boards and 2" x 4"s (0.051 m x 0.102 m) are handled similar to the assumptions of Twisdale et al. (1996) . The failure and subsequent release of any roof edge sheathing (along the eave and up the rake of the roof) also releases a roof fascia board that is comparable to typical 1" x 6" (0.03 m x 0.15 m) fascia material. In Twisdale et al. (1996) , all members of the gable end trusses are available for release when only one piece of gable end sheathing remains attached to the gable end trusses. This is a very conservative assumption as acknowledged by Twisdale et al (1996) ; therefore, the proposed framework only considers the top chords of the gable end trusses for release dependent on the state of the gable end sheathing.
Pressure capacities for windows, doors, and garage doors are based on values from the FPHLPM (2005) . In an effort to capture the influence that the window size has on impact vulnerability, the framework is capable of randomly assigning four different window sizes to reasonable locations on each house model. All wall openings (e.g., windows, doors, and garage doors) are checked for pressure and impact failures at each time step of the simulation, and the results are utilized to update the internal pressure coefficients (GC pi ) of each house model. The framework is capable of investigating the influence of the internal pressurization through the utilization of deterministic GC pi (ASCE 2010), or probabilistic GC pi (Li and Ellingwood 2006 ) dependent upon user input.
HURRICANE SIMULATION MODULE
The Hurricane Simulation Module is capable of loading files from the HURDAT database (historical data) or from a typical synthetic hurricane output file. The wind speed and location data from the hurricane output files are utilized to investigate a specific temporal and spatial window of the hurricane track based on user input. The user has the ability to look either at the influence of the hurricane winds on the subdivision when it makes landfall, or at the period when the hurricane is closest to the subdivision of interest. The user also has the ability to relocate a stored subdivision to any location (i.e., latitude and longitude) for comparative purposes.
Gradient wind speeds are calculated using the research of Georgiou (1985) and Vickery et al. (2000) , and the 10-min mean surface wind speed are obtained using conversion factors provided by Lee and Rosowsky (2007) , which can then be used to determine the 3-sec gust wind speed. Little research has been performed on the spatial variation of 3-sec wind speed gusts within a subdivision; however, according to Harper et al. (2010) , the probabilistic nature of gusts will have some variance about the expected gust value. Therefore, a mean gust factor (G 3s,600s ) equal to 1.66 (Harper et al. 2010 ) is utilized to sample the expected gust factor from a Type I (Gumbel) distribution, assuming a coefficient of variation (COV) equal to 0.1 for each house during a time step. Figure 3 represents the surface wind profile of Hurricane Hugo for a representative subdivision in Moncks Corner, SC, which agrees reasonably with the peak surface gust envelopes presented by Powell et al. (1991) . 
DEBRIS GENERATION MODULE
The wind speed output from the Hurricane Simulation Module is utilized to generate modified Component & Cladding (C & C) wind pressures from ASCE 7 (2010). The C & C wind pressures have been modified according to the FPHLPM (2005) to represent the wind pressures that a structure experiences during an extreme wind event as opposed to design wind pressures. The application of the wind pressures to the building models requires that the components be assigned to a pressure zone similar to those found in ASCE 7 (2010). As is the case with the wind pressures, the wind pressure zones have been modified similar to the FPHLPM (2005). These modifications take into account the change in size and location of the wind pressure zone with a change in wind direction relative to the building, and comprise eight separate wind cases, four cases for winds perpendicular to the building walls, and four cases for the cornering winds. This leads to 16 total wind pressure zones when considering the pressure zones for both the roof and walls.
Component resistances (capacity) are compared to the calculated wind pressures (demand) to determine which members have failed and will become windborne debris. Capacities for individual components and systems are based on current research, and are considered as random variables within the simulations. Failed roof and wall sheathing, and opening failures (e.g., window, door, or garage door failures) from debris impact or pressure can be tracked to determine if any change in the internal pressure coefficients is required based on a change to the building enclosure classification. The flexibility of the framework permits that the capacity and demand assumptions can be easily updated as more information becomes available.
DEBRIS TRAJECTORY MODULE
The Debris Trajectory Module is driven by a three-dimensional (3D) probabilistic debris trajectory model is capable of providing relevant debris trajectory information (i.e., linear and rotational position, velocity, and acceleration) needed to track wind-borne debris and assess any impacts to the building envelope that may occur due to the debris flight. The probabilistic debris trajectory model was developed by the authors through Monte Carlo simulations that identified the appropriate coefficients of variation of the debris flow angles required to match wind tunnel test data Grayson 2011; Grayson et al. 2012) . 
DEBRIS IMPACT MODULE
The Debris Impact Module is utilized to determine if any of the wind-borne debris released from a building during a particular time step has impacted either itself or another building downstream. This module requires the most computational resources compared to the other modules; therefore, the module only assesses impact to the roof and wall sheathing, and windows and doors at this time to reduce the computational time required during the simulation. This assumption precludes the framework's ability to determine if further debris is created from an impact to a roof tile; however, this topic will be addressed in the future by defining a probable impact area that smaller broken tile debris are most likely to effect in the event of their release as wind-borne debris.
DEVELOPMENT OF POLAR COORDINATE DEBRIS IMPACT RISK PLOT
A representative coastal community near Moncks Corner, SC is subjected to the historical Hurricane Hugo to illustrate the capabilities of the proposed framework. Figure 5 illustrates the location of the representative subdivision in relation to the path of the eye of Hurricane Hugo. Note that the representative subdivision has been relocated to the northeast estimated radius-to-maximum winds (R max ~ 27 mi (43 km)) to utilize the higher wind speeds typically found at this location. The sheathing capacity was assumed consistent with that fastened by a 6d fastener, which was consistent with building practices in coastal South Carolina in 1989. In order to develop the failure portion of the polar coordinate debris impact risk plot, windows and doors were assumed to be able to withstand the kinetic energy (KE) from the impact of a 4.1 kg, 2 x 4 on end, traveling at 15 m/s plus an additional 20 % (threshold KE 550N m ≅ ⋅ ). Figure 7 depicts the results of the simulations executed by the proposed framework. The plot on the left of Figure 7 identifies the mean wind direction experienced by the subdivision over an 8-hour duration. The plot on the right of Figure 7 is a debris impact risk plot in a polar coordinate system, where the radius of the plot represents the probability that a vulnerable component (i.e., window or door) within the specified range will be impacted and/or failed by wind-borne debris. The angle represented in the debris impact risk plot is the normal vector of the vulnerable component measured from North (counterclockwise positive). Note that the majority of the homes in Figure 6 are oriented similarly in terms of their vulnerable component normal vectors, which explains why all of the impacts are contained within the discrete ranges presented in Figure 7 . However, the framework will be utilized to perform a parametric sweep in which the orientation of the subdivision will be rotated through 45-degree increments from 0 to 360 degrees to quantify the probability of vulnerable component impact and/or failure for the full 360-degree spectrum. The process will be repeated for several different return period hurricanes to determine the impact probability of the vulnerable components based on building orientation for any subdivision with a similar building density. Results could be utilized to determine the safest layout for a subdivision based on the plots developed for a specific coastal area (i.e., the South Carolina coastline), or to determine which vulnerable components on existing homes would benefit the most from impact protection. 
RESULTS AND DISCUSSION

CONCLUSIONS
A framework for the assessment of building envelope failures is presented in this study. The proposed framework develops an integrated building envelope model that is based on previous research of individual component and system capacities, and differs from other current loss models in its flexibility to investigate any number of "what if" scenarios within a subdivision subjected to hurricane wind hazards. Key modules include a wind-borne debris generation module and an impact-tracking module that will interact with a hurricane simulation module capable of simulating synthetic hurricanes for various return periods and historical hurricanes. The proposed framework is driven by a three-dimensional probabilistic debris trajectory model developed by the authors that is capable of providing debris trajectory information (i.e., linear and rotational position, velocity, and acceleration) required to assess impacts to any component of a building envelope (e.g. windows, doors, etc.) rather than being based on damage curves developed from observed post-hurricane assessments or insurance claim data.
A representative coastal subdivision in Moncks Corner, SC is modeled within the proposed framework, and subjected to the historical Hurricane Hugo. From this example, a novel method of assessing the probability of impact and damage (failure) of vulnerable components of the building envelope based on the orientation of individual homes within the subdivision has resulted in the development of a polar coordinate debris impact risk plot. While this individual plot is for a specific subdivision in this example, it will be extended in the future to quantify the probability of wind-borne debris impact and damage (failure) for the full 360-degree spectrum. Government officials, developers, architects, and designers can then utilize the full spectrum of probabilities as a pre-construction mitigation technique for individual homes or entire subdivisions, or by homeowners post-construction to identify which vulnerable areas of the building envelope would benefit the most from protection in the event of limited resources to devote to mitigation.
